Two exocellular nucleases with molecular masses of 18 and 34 kDa, which are nutritionally regulated and reach their maximum activity during aerial mycelium formation and sporulation, have been detected in Streptomyces antibioticus. Their function appears to be DNA degradation in the substrate mycelium, and in agreement with this proposed role the two nucleases cooperate efficiently with a periplasmic nuclease previously described in Streptomyces antibioticus to completely hydrolyze DNA. The nucleases cut DNA nonspecifically, leaving 5-phosphate mononucleotides as the predominant products. Both proteins require Mg 2؉ , and the additional presence of Ca 2؉ notably stimulates their activities. The two nucleases are inhibited by Zn 2؉ and aurin tricarboxylic acid. The 18-kDa nuclease from Streptomyces is reminiscent of NUC-18, a thymocyte nuclease proposed to have a key role in glucocorticoid-stimulated apoptosis. The 18-kDa nuclease was shown, by aminoterminal protein sequencing, to be a member of the cyclophilin family and also to possess peptidylprolyl cistrans-isomerase activity. NUC-18 has also been shown to be a cyclophilin, and "native" cyclophilins are capable of DNA degradation. The S. antibioticus 18-kDa nuclease is produced by a proteolytic processing from a less active protein precursor. The protease responsible has been identified as a serine protease that is inhibited by N ␣ -ptosyl-L-lysine chloromethyl ketone and leupeptin. Inhibition of both of the nucleases or the protease impairs aerial mycelium development in S. antibioticus. The biochemical features of cellular DNA degradation during Streptomyces development show significant analogies with the late steps of apoptosis of eukaryotic cells.
The actinomycetes are a large group of filamentous bacteria that are adapted for growth in soil by forming a ramifying network, called a mycelium. Within this group the predominant isolates belong to the genus Streptomyces, which produce a well developed branched mycelium on agar plates, resulting in a compact colony. In the vegetative phase, the filaments often lack cross-walls (substrate mycelium) and thus have several copies of the chromosome. When the colony ages, a characteristic aerial mycelium is formed, in response to unknown signals involving nutrient limitation, which subsequently fragment and/or sporulate by the synchronous formation of crosswalls in the multinucleate sporophores followed by separation of the individual cells directly into spores. This is similar to the growth and differentiation of fungi, and from the morphological and metabolic points of view, Streptomyces can be considered as boundary organisms (1) . Coincident with the morphological differentiation, the streptomycetes produce numerous compounds (secondary metabolites) within which antibiotics are of commercial relevance. As corresponds to their habitat, these bacteria are nutritionally quite versatile, and most produce extracellular hydrolytic enzymes that permit the utilization of polysaccharides, proteins, fats, and other substrates. In this way, the substrate mycelium promote the solubilization of high molecular weight biopolymers. In addition, the onset of aerial mycelium formation coincides with a noticeable lysis of the substrate hyphae (2, 3) . This fact, together with the absence of an increase in dry weight during the development of the aerial mycelium and the displacement of labeled protein precursors from the substrate to the aerial mycelium (3) , supports the hypothesis that the aerial mycelium reuses material first assimilated into the substrate mycelium. These events, which occur in stressful environmental conditions, are directed to generate and disseminate spores that have a greater potential for survival. The lytic phenomenon observed in the substrate mycelium and the subsequent transformation of aerial mycelium into spores can be considered as a programmed cell death (4) that takes place within a developmental program (similar to metazoan differentiation) that contributes to the adaptation of the bacteria to the environment.
Streptomyces is a great producer of proteolytic enzymes (5) . It is assumed that extracellular proteases produced in actinomycetes participate in the assimilation of the extracellular proteinaceous nitrogen sources (6) . However, the proteases involved in the hydrolysis of the substrate mycelium proteins have not been unequivocally identified. The serine-type protease activity produced during the late stationary phase in Streptomyces peucetius has been suggested to have a role in cellular turnover on solid substrates (7) . Like other hydrolytic exocytoplasmic enzymes, the synthesis of deoxyribonucleases in Streptomyces has also been associated with a nutritional role (8) . However, there are very few reports of their presence (9) or biochemical characteristics (10) . Our group has carried out a detailed biochemical characterization of several nucleases that showed novel specificities for the hydrolysis of DNA and are associated with the cell wall domain in Streptomyces glaucescens and Streptomyces antibioticus (11) (12) (13) (14) (15) (16) (17) (18) . Although these enzymes can circumstantially restrict the growth of actinophages (11-13), they are not restriction endonucleases, and their synthesis is repressed by rich nitrogen sources, which promote high growth rates and also impair aerial mycelium formation (11, 12, 14) . The nucleases are active as monomers and nick double-stranded DNA at dG/dC-rich sequences, which would make the high dG ϩ dC Streptomyces DNA an excellent substrate (16 -18) . The end products of the hydrolysis of these enzymes are fragments from 7-24 base pairs (for S. glaucescens nuclease) or 35-250 base pairs (for S. antibioticus nuclease). The residual fragments have 5Ј or 3Ј short single-stranded overhangs with 3Ј-hydroxyl and 5Ј-phosphate termini (16, 17) . The specificity and interaction of the S. antibioticus nuclease with oligodeoxynucleotide substrates containing dG base analogues were further analyzed in detail (18) . A detailed study of the production of this enzyme in surface cultures of S. antibioticus showed that the appearance of the nuclease always precedes differentiation (14) . Following the role postulated for proteases in the "parasitic" behavior of the aerial mycelium with respect to the substrate mycelium, we proposed an analogous function of the S. antibioticus and S. glaucescens nucleases i.e. the recycling of DNA deoxynucleotides from the substrate to the aerial mycelium (14, 16 -18) . The periplasmic location of these enzymes would permit them to gain access to the DNA after the lysis of the mycelium. However, other nuclease activities would be required to degrade the nicked and fragmented DNA, produced by the dG/dC-specific nucleases, to the deoxynucleotide level (18) . We describe in this work two predominant, nonspecific nucleases in the exocellular fraction of S. antibioticus grown under both surface and submerged conditions. The biochemical characteristics of the purified enzymes have been analyzed, including their capacity to complement the action of the periplasmic enzymes described above. One of the nucleases has been identified as a cyclophilin, a class of proteins previously proposed to have a role in cell death (19 -21) . Also we describe a serine protease that is likely to be involved in the production of active nucleases by proteolytic processing of larger less active precursors. The enzymes analyzed in Streptomyces and the overall process of aerial mycelium formation both show significant analogies with the enzymes and steps described during apoptosis in eukaryotic cells.
EXPERIMENTAL PROCEDURES
Organism and Culture Medium-S. antibioticus ATCC11891 was cultured in solid or liquid GAE medium (glucose, asparagine, yeast extract, and salts) (3) at 30°C and 200 rpm in the case of submerged conditions.
Assay of Nuclease Activity-Nuclease activity was measured by the formation of acid-soluble DNA products. The standard reaction mixture contained 4 g of calf thymus DNA (Roche Molecular Biochemicals) in 20 mM Hepes, pH 8.0, 7 mM 2-mercaptoethanol, 25 mM NaCl, 10 mM MgCl 2 , 5 mM CaCl 2 (activity buffer). When required, alternative divalent cation combinations were tested, the concentration of NaCl was varied, and the effects of other components (e.g. iodoacetate, EDTA, EGTA, and aurin tricarboxylic acid (ATA) 1 ) were investigated (see "Results" for exact conditions). The effects of pH variation were studied using 20 mM levels of sodium acetate (pH 4.0 -5.5), Mes (pH 5.0 -6.5), Tris (pH 7.0 -9.0), Hepes (pH 6.5-8.5), and glycine (pH 8.0 -11.0). After the appropriate incubation times at 37°C, the reaction was terminated by adding 10% trichloroacetic acid plus 20 mM sodium pyrophosphate (22) . The activity was expressed by the increase in the absorbance at 260 nm in the supernatant after trichloroacetic acid precipitation. One unit of the enzyme activity is equivalent to an increase in A 260 of 0.015 obtained under the above reaction conditions. Nuclease activity was also visualized by 0.8% agarose gel electrophoresis analysis of the products of the reaction on DNA (0.5 g) (Roche Molecular Biochemicals) using ethidium bromide detection.
Activity Gel Analysis-Plates of solid GAE medium (3) were used to analyze the production of the different exocellular nuclease forms of S. antibioticus ATCC11891. The nucleases were directly extruded from the medium by forcing the agar through the nozzle (about 2 mm across) of a 20-ml plastic syringe (Becton Dickinson) without needle. The resulting suspension was centrifuged, at 4°C, for 30 min at 15,000 rpm, and the supernatant was filtered through a 0.2-m diameter Millipore cellulose-acetate filter to eliminate the remaining agar. Samples were concentrated by acetone precipitation (1:3 (v/v) sample:acetone; Ϫ20°C for 45 min; centrifugation) and resuspended in 0.5 ml of 20 mM TrisHCl, pH 8.0, 1 mM EDTA, 7 mM 2-mercaptoethanol, 50 mM NaCl. The nucleases were separated using a 12% SDS-PAGE gel containing 10 g/ml of denatured calf thymus DNA. SDS for these experiments was from BDH Laboratory Supplies (Poole, Dorset, United Kingdom). Following electrophoresis, the proteins were renatured by repeatedly washing the gel with the above buffer (2 h, at 4°C) followed by Milli-Q-purified water at room temperature (23) . Nuclease activity was visualized by incubating the gels, for 4 h at 37°C, in 20 mM Tris-HCl, pH 8.0, 7 mM 2-mercaptoethanol, 20 mM NaCl, 10 mM MgCl 2 , 5 mM CaCl 2 , 10% Me 2 SO following by staining with ethidium bromide and viewing under UV light. Micrococcal nuclease and bovine pancreatic DNase I (Amersham Pharmacia Biotech) were included as controls.
Chromosomal DNA Degradation-DNA degradation in the substrate mycelium of S. antibioticus was analyzed after a controlled extraction from the cells and medium and subsequent agarose gel electrophoresis. The plates were homogenized by slowly forcing the agar through a 20-ml plastic syringe without needle, as described above. To the agar paste, 0.2 M phosphate-citric acid buffer, pH 7.8, containing 20 mM EDTA and 0.1% Triton X-100 was added, and the agar suspension was carefully mixed, at 30°C, for 30 min. The suspension was centrifuged (4°C) at 15,000 rpm, and the supernatant was then extracted with an equal volume of buffered phenol (1ϫ) and with a 1:1 phenol/chloroform mixture (2ϫ). DNA was precipitated, from the aqueous phase, with 3 M sodium acetate/ethanol, washed with 70% ethanol, and air-dried. The precipitate was gently resuspended in 10 mM Tris-HCl, pH 7.5, 15 mM NaCl and treated with RNase A (50 g/ml) for 2 h at 37°C. After a further precipitation and washing, the DNA was resuspended in 10 mM Tris-HCl, pH 8.0, 1 mM EDTA buffer and analyzed on a 0.8% agarose gel with ethidium bromide staining.
Purification of the Nucleases-The 34-kDa nuclease was purified from liquid GAE cultures after 28 -34-h incubation at 30°C. Mycelia were pelleted by centrifugation (12,000 rpm, 1 h, 4°C), and the proteins in the supernatant were precipitated with (NH 4 ) 2 SO 4 . The fraction obtained between 60 and 80% (NH 4 ) 2 SO 4 saturation (fraction 1) was resuspended in buffer A (20 mM Tris-HCl, pH 8.8, 1 mM EDTA, 1 mM NaN 3 , 7 mM 2-mercaptoethanol, 50 mM NaCl) and dialyzed overnight against this buffer. The resulting solution was applied to a DEAESephacel column (Amersham Pharmacia Biotech) (flow rate of 24 ml/h) in buffer A containing 0.1 M NaCl and eluted with a linear gradient of 0.1-1 M NaCl in buffer A. The enzyme eluted at 0.3 M salt (fraction 2). Following dialysis against buffer A, fraction 2 was applied to a heparinagarose column (Sigma) (flow rate of 6 ml/h) and eluted with a linear gradient of 50 mM to 0.5 M salt. The nuclease eluted at 0.21 M NaCl (fraction 3). This fraction was dialyzed against buffer A, applied to a Mono-Q HR 5/5 FPLC column (Amersham Pharmacia Biotech) (flow rate of 0.5 ml/min), and eluted with a linear gradient of 50 mM to 0.5 M NaCl. The nuclease eluted at 0.25 M NaCl to give fraction 4, which was concentrated using a Centricon 10 (Amicon). The concentrated fraction 4 was applied, in 200-l volumes, to a Superdex G-75 FPLC column (Amersham Pharmacia Biotech) equilibrated and eluted with buffer A plus 0.15 M NaCl. The fractions containing pure protein (fraction 5) were concentrated (Centricon 10) and stored at Ϫ20°C in buffer A with 1 mM dithiothreitol, 0.1 M NaCl, 20% (v/v) glycerol. During the purification process, the nuclease was detected by activity gel analysis and also by visualization of the products of DNA hydrolysis using gel electrophoresis (see above). When necessary, protein concentration was estimated colorimetrically (17) with a Bio-Rad protein assay kit. The purification of the 18-kDa nuclease followed that of the 34-kDa nuclease up to the preparation of fraction 1 dialyzed against buffer A. This fraction was then was then applied to a DEAE-Sephacel column and eluted in one step with buffer A plus 0.1 M NaCl to give fraction 2. The sample was concentrated by acetone precipitation (1:5 (v/v); Ϫ20°C for 45 min), resuspended in buffer A with 25 mM NaCl, and applied to a single-stranded DNA-cellulose affinity column (Sigma). The nuclease was eluted in buffer A plus 50 mM NaCl to give fraction 3. The sample was concentrated (Centricon 10) and applied to a Superdex-G-75 HR 10/30 FPLC column (Amersham Pharmacia Biotech) using buffer A containing 0.15 M NaCl. The homogeneous protein (fraction 4) was concentrated and stored at Ϫ20°C in the same buffer used to store the 34-kDa nuclease. The 74-kDa nuclease precursor was partially purified from 14 -18-h cultures by (NH 4 ) 2 SO 4 precipitation (80% saturation) and chromatography on DEAE-Sephacel using the same conditions as those described above for the 18-kDa enzyme. The purity of the enzymes after the last purification step was assessed by SDS-PAGE using silver staining (17) and also by activity gel analysis (see above). For the analysis of the molecular mass in SDS-PAGE, bovine serum albumin (66 kDa), ovalbumin (45 kDa), glyceraldehyde-3-phosphate dehydrogenase (36 kDa), carbonic anhydrase (29 kDa), trypsinogen (24 kDa), and trypsin inhibitor (20 kDa) were used as standards.
Protein Sequencing-Sequencing of the amino-terminal end of the purified 34-and 18-kDa nucleases was carried out by an Edman degradation after the electrophoretic transfer of the protein to a polyvinylidene difluoride Immobilon membrane (24) .
Native Molecular Mass Determination-Gel filtration chromatography on Superdex-G-75 (operated as described in the purification protocols above) was used to determine the native molecular masses of the 18-and 34-kDa nuclease. The column was calibrated with proteins of known molecular mass (all obtained from Sigma): bovine serum albumin (66 kDa), ovalbumin (45 kDa), carbonic anhydrase (29 kDa), and cytochrome c (12 kDa).
DNA Hydrolysis by the 18-and 34-kDa Nucleases-All digestions by the 18-and 34-kDa nucleases were carried out in 20 mM Hepes, pH 8.0, 7 mM 2-mercaptoethanol, 25 mM NaCl, 10 mM MgCl 2 , 5 mM CaCl 2 (activity buffer) at 37°C. For the determination of the phosphodiester bond cleaved, phage DNA (3 g) was partially digested with 4 units of the nucleases for 30, 60, and 120 min. The resulting DNA was purified by phenol/chloroform/iso-amyl alcohol (25:24:1) extraction and divided into two aliquots, one of which was further treated with alkaline phosphatase (AP) (1 unit for 1 h) (17) . Following AP treatment, the DNA in this aliquot was purified by phenol/chloroform/iso-amyl alcohol (25: 24:1) extraction and ethanol/sodium acetate precipitation. The DNA in both aliquots was labeled using T4 polynucleotide kinase (PNK) (Roche Molecular Biochemicals) and [␥-
32 P]ATP (ϳ3000 Ci/mmol; Amersham Pharmacia Biotech) (18) , and the labeled DNA was separated from excess [␥-32 P]ATP by successive ethanol precipitations. The radioactivity present in the DNA was determined using scintillation counting. To confirm that 5Ј-phosphates were formed, labeled fragments were produced using the 18/34-kDa nuclease/AP/PNK and further treated with nuclease P1 (2 units for 1 h) (Sigma) in 5 mM sodium acetate, pH 5.3. The products were analyzed by TLC using poly(ethyleneimine) cellulose F plates as described before (16) . The spots were detected by autoradiography.
Endonucleolytic activity was detected by the hydrolysis of the closed circular plasmid pBR322 (0.2 g) (MBI-Fermentas) with the 18-and 34-kDa nucleases for between 0 and 60 min. Starting materials and products were separated by 0.8% agarose gel electrophoresis and detected using ethidium bromide staining. DNA hydrolysis specificity was investigated using a double helical oligodeoxyribonucleotide, 36 bases in length, composed of ATCCAATGAGTACCTGGGGGACTTAGGA-GCTTACTC and its complementary strand (18) . Labeling at the 5Ј terminus was carried out using 10 pmol of the substrate with PNK and [␥-
32 P]ATP. Hybridization of the complementary oligonucleotides was carried out as described (18) . The hydrolytic products of the nucleases were analyzed by denaturing gel electrophoresis using 20% polyacrylamide gels containing 7 M urea. The bands produced were detected by autoradiography.
DNA digestion by a combination of the S. antibioticus periplasmic nuclease and the 18-or 34-kDa exocellular nucleases was investigated by first treating calf thymus DNA with the periplasmic enzyme, followed by hydrolysis with either of the two exocellular enzymes. Calf thymus DNA (4 g) was treated with 8 units of the purified periplasmic nuclease (18) for 10 min. The DNA was purified by phenol/chloroform/ iso-amyl alcohol (25:24:1) extraction and ethanol/sodium acetate precipitation and hydrolyzed with 4 units of the 18-or the 34-kDa nuclease in the activity buffer described above. The activity was followed by measuring the absorbance of the trichloroacetic acid-soluble products.
Peptidylprolyl cis-trans-Isomerase Activity-The purified 18-kDa nuclease was tested for this activity, as described previously (25) . The substrate used was N-succinyl-Ala-Ala-Pro-Phe-p-nitroanilide (Bachem, Feinchemikalien AG) at 50 M concentration in 1 ml of 35 mM Hepes, pH 8.0. The substrate and 18-kDa nuclease were preincubated for 15 min at room temperature before the addition of 400 g of ␣-chymotrypsin (Sigma). The reaction was followed, at 390 nm, for 3 min at 12°C.
Proteolytic Processing of the Nucleases-The existence of a nuclease precursor was inferred from two types of experiments. In one of them, the proteins were extruded from plates of GAE medium and concentrated by acetone precipitation, as detailed above in the activity gel analysis section. The precipitate was resuspended in buffer A (see above) and loaded in a DEAE-Sephacel column, as already specified for the purification of the nucleases. The proteins were eluted as described for the 34-kDa nuclease. The fraction corresponding to the peak of maximum activity was used for the detection of the proteolytic processing. This was visualized by the appearance of nuclease bands, after activity gel analysis, and by an increase in the nucleolytic activity, measured on DNA (see above). In other assays, the 74-kDa hypothetical precursor of the 18-kDa nuclease was partially purified, as specified in the above section, and subjected to the activity of the purified serine protease 2 present in the fractions used for the detection of the proteolytic processing (as detailed under "Results"). The resulting products were analyzed by activity gel and immunoreactivity, using the antibody raised against the 18-kDa nuclease (see below).
Inhibition of Aerial Mycelium Formation-To test the effect of nuclease and protease inhibitors on aerial mycelium formation, Petri dishes of 5-cm diameter were used. ZnCl 2 was added in 0.25 ml of water to the surface of previously grown plates (times detailed under "Results").
was dissolved in methanol (20 mM stock solution) and diluted in water before adding to the plates (0.25 ml). Leupeptin was dissolved in water (18 mM stock solution) and diluted as required before adding in the same volume as above. In all cases, parallel control plates with the solution without inhibitor were used.
Immunological Methods-Antibodies against the 18-kDa nuclease were obtained by rabbit immunization with a pure preparation of the enzyme. Immunoblotting was carried out after SDS-PAGE of the proteins and transfer to nitrocellulose membranes. Antibody reaction was carried out for 1 h at room temperature with a serum dilution of 1:250 in phosphate-buffered saline (137 mM NaCl, 3 mM KCl, 8 mM Na 2 HPO 4 , 1.5 mM KH 2 PO 4 ) after blocking the membrane with 2% skimmed milk in phosphate-buffered saline for 15 min. Immunodetection of the proteins was carried out with Protein A-peroxidase (Roche Molecular Biochemicals) diluted 1:1000, using a chemiluminescence reaction of the peroxidase (ECL Western blotting reagent, Amersham Pharmacia Biotech).
RESULTS

Analysis of Exocellular Nucleolytic Activities and Chromosomal DNA Degradation during the Development of Streptomyces antibioticus-
In-gel measurement of nuclease activity, following SDS-PAGE and subsequent renaturation of the proteins, of the crude exocellular fraction showed two main nuclease bands with molecular masses of 18 and 34 kDa. The in-gel assay shows that the amounts of the 18-and 34-kDa nucleases increase as the microorganism differentiates into aerial mycelium and spores, and this correlates with a progressive degradation of chromosomal DNA in the colonies, both reaching a maximum in the sporulation phase (Fig. 1 ). The variations in the level of the exocellular nucleases, through the Streptomyces developmental cycle, exactly parallel that of the previously described periplasmic enzymes (14) . However, the periplasmic nucleases are confined to the membrane cell wall domain, from where they can be released by a high salt wash (12) , whereas the exocellular nucleases can be detected in both the unwashed mycelium and the extracellular medium. The exocellular nucleases are regulated by the nutritional status of the culture, as occurs with the periplasmic enzymes (11) (12) (13) (14) , their synthesis being completely repressed in rich medium, which does not allow the formation of the aerial mycelium (data not shown).
Purification and Biochemical Characterization of the 18-and 34-kDa Nucleases-The 18-and 34-kDa exocellular nucleases were purified using a four-and three-column protocol, respectively, as summarized in Table I . The purification schemes used yielded 0.06 mg of each enzyme, both of which gave a single band on silver-stained SDS-PAGE (Fig. 2) . The native molecular masses of the two proteins (using gel filtration on Superdex G-75 FPLC; see "Experimental Procedures") were shown to be approximately the same as those measured under denaturing conditions, suggesting that both are active as monomers. As mentioned below, both enzymes hydrolyze a wide variety of nucleic acids. Initial biochemical characterization used the liberation of acid-soluble products from calf thymus DNA. Using this assay, it was shown that the two nucleases have a strict requirement for divalent metal ions, and consequently both are inhibited by 1 mM EDTA or EGTA. As shown in Table II . The optimum pH for the two nucleases was 8.0 -8.5, although they show activity over a wide (7.0 -10.0) pH range (data not shown). Both proteins show maximum activity at an NaCl concentration of 20 -30 mM; 50 and 100 mM NaCl reduced activity to 50 and 15%, respectively (data not shown). The nucleases require 2-mercaptoethanol or dithiothreitol and are inhibited by 1 mM Hg 2ϩ or iodoacetate, suggesting that cysteine residues may be critical for activity.
Site of Phosphodiester Bond Cleavage-The position at which nucleic acids are cut by the two endonucleases was investigated by testing the efficiency of labeling of the fragments produced from a digestion of phage DNA. For this we used the ability of PNK to transfer the ␥-phosphate from ATP to the 5Ј-OH termini of DNA (17) . If there are preexisting 5Ј-P ends, this activity will be blocked, and thus only after the pretreatment of the substrate with AP will the PNK reaction proceed. Phage DNA was digested with both nucleases for 30, 60, or 120 min, after which the sample was divided in two parts: one part was extensively treated with calf AP (17) , and the other part was left untreated. Both samples were then labeled with [␥-
32 P]ATP and T4-PNK. The low level of incorporated radioactivity in the AP-untreated samples (1.
.7%, respectively) indicated that the nuclease produces DNA with 5Ј-phosphates. Similar results were obtained when this experiment was carried out with 18-kDa enzyme. This result was confirmed by a subsequent digestion of the labeled DNA produced from the AP-treated samples with nuclease P1; an enzyme that liberates the terminal 5Ј-nucleotides from the fragments initially produced (26) . After extensive treatment with nuclease P1, the resulting products were analyzed by TLC, which showed the presence of the four 5Ј-mononucleotides (i.e. dAMP, dCMP, dGMP, and TMP) in approximately the same proportions (data not shown). Therefore, both enzymes cut the C(3Ј)-O-2-P-O-C(5Ј) bond in DNA to give 5Ј-phosphates. Additionally, the production of equal amounts of the four 5Ј-dNMPs provides the first evidence that the two nucleases have low cleavage specificities.
Analysis of the Endonucleolytic Activity and Nucleic Acid Cleavage Selectivity of the Nucleases-When supercoiled covalently closed circular pBR322 DNA was treated with the 34-kDa nuclease, nicks were initially introduced to give the open circular and linear forms. Supercoiled DNA has no free ends and can only be cut by endonucleolytic cleavage, showing that the nuclease possesses this activity. This reaction was, however, very slow in the presence of Mg 2ϩ alone but much more rapid when both Mg 2ϩ and Ca 2ϩ were present, suggesting that both metal ions are needed for efficient endonuclease action (Fig. 3) . Incubation for longer times, particularly in the presence of both metals, gave rise to further DNA degradation with the appearance of smaller and acid-soluble products (Fig.  3) . This latter phase could arise by repeated rounds of endonucleolysis or by a further exonucleolytic degradation of the free ends produced by initial endonucleolytic cleavage. We are currently attempting to unequivocally define whether the 34-kDa nuclease is an endo-or exonuclease or, in fact, possesses both activities. It should be noted that covalently closed circular pBR322 DNA is an extremely sensitive assay, and although the 34-kDa protein appeared pure by silver stained SDS-PAGE and activity gel analysis, trace contamination by another Mg 2ϩ /Ca 2ϩ dependent endonuclease cannot be fully discounted. Both the 18-and the 34-kDa nucleases were able to hydrolyze a wide variety of nucleic acids including single-and doublestranded DNA and ribosomal and linear MS2 phage RNA. Double-stranded DNA was a better substrate then singlestranded, and DNA was also hydrolyzed more efficiently than RNA. The specificity of cleavage of the two nucleases toward DNA substrates was further analyzed. Fig. 4 shows the products obtained when a 5Ј-32 P-labeled oligonucleotide 36 bases in length was hydrolyzed, for varying lengths of time, with the 34-kDa enzyme. This experiment has been carried out with the 36-mer either single-or double-stranded and in the presence of Mg 2ϩ or Mg 2ϩ plus Ca 2ϩ . As shown above, reactivity was more pronounced when both of the metal ions were present. In all cases, the large number of product bands produced suggests that the nuclease hydrolyzes DNA with little or no sequence selectivity. However, the intensity of some of the bands produced by the nuclease is more pronounced than others, suggesting the existence of some type of weak structural selectivity, as occurs with DNase I (27, 28) . The 18-kDa enzyme gave essentially identical results (not shown). Prolonged incubation of this oligonucleotide with either the 18-or the 34-kDa nucleases led to an accumulation of radioactivity in mono-and dinucleotide products (not shown). Thus, both enzymes efficiently and fully degrade nucleic acids, although whether hydrolysis occurs by endo-or exonucleolyis has yet to be determined. 
The 18-and 34-kDa Nucleases Degrade DNA Substrate More
Efficiently in the Presence of the Periplasmic Nuclease-The formerly described periplasmic endonuclease from S. antibioticus (17) nicks DNA preferentially within sequences of four or more consecutive deoxyguanosine residues, leaving 5Ј-phosphate termini (17, 18) . We wanted to analyze if the substrates digested with the periplasmic enzyme were suitable for the subsequent degradation by the 18-and 34-kDa nucleases. In order to test this, calf thymus DNA was treated with the purified periplasmic enzyme (17) before being digested with the 34-kDa nuclease. As show in Fig. 5 , the rate of DNA hydrolysis is significantly enhanced following a pretreatment with the periplasmic nuclease. This is true whether Mg 2ϩ or both Mg 2ϩ and Ca 2ϩ are used in the subsequent digestion by the 34-kDa nuclease. This demonstrates that the biochemical properties of the periplasmic and exocellular nucleases complement each other (due, perhaps to the exonucleolytic activity associated with the latter) and that the presence of the three enzymes within the Streptomyces environment should allow an efficient and complete DNA degradation to the mononucleotide level.
The 18-kDa Nuclease Has Cyclophilin-like Properties-The amino-terminal ends of the 34-and 18-kDa nucleases were sequenced (Fig. 6) . Only nine amino acids could be identified in the 34-kDa protein. However, 19 amino acids were identified from the amino terminus of the 18-kDa S. antibioticus nuclease, and these showed a clear homology with proteins of the
TABLE II Effect of divalent cations on the activity of the 18-kDa nuclease
The activity was measured on calf thymus DNA (4 g) by the formation of acid-soluble products, as specified under "Experimental Procedures." Reactions were carried out for 1 h at 37°C using the same amount of nuclease. The activity seen with Mg 2ϩ and Ca 2ϩ was set to 100%. Analogous values were obtained in three separate experiments. Reactions were linear over the 1 h used for measurement. b Numbers after each step for 34-kDa nuclease correspond to the fractions analyzed in Fig. 2 A. c NQ, not quantified. d Numbers after each step for 18-kDa nuclease correspond to the fractions analyzed in Fig. 2B .
FIG. 2. Gel electrophoresis of samples from the 34-and 18-kDa nuclease purification.
Aliquots from the active fractions of the different steps of the purification process of the 34-kDa nuclease (A) and the 18-kDa nuclease (B) were analyzed by SDS-PAGE in a 12% polyacrylamide gel and stained by the silver method (see "Experimental Methods"). M, molecular size markers, expressed in kDa (left). Lanes 1-5 in A and lanes 1-4 in B correspond to the fractions numbered identically through the purification process (Table I) cyclophilin family in the data bases (Fig. 6) . Moreover, the 18-kDa nuclease possesses a peptidylprolyl cis-trans-isomerase activity, i.e. catalyzes the cis-trans-isomerization of X-Pro peptide bonds. This is the "normal" activity of cyclophilins and was demonstrated using N-succinyl-Ala-Ala-Pro-Phe-p-nitroanilide. Preincubation of this peptide with the 18-kDa nuclease produces a trans-peptide bond at the Ala-Pro position to give a chromophoric substrate for ␣-chymotrypsin (25) (Fig. 7a) . Furthermore, antibodies raised against the nuclease show a weak but distinguishable cross-reactivity with human cyclophilins A and B (Fig. 7b) . The identity of the S. antibioticus nuclease as a cyclophilin is currently being confirmed at the gene level.
Proteolytic Processing of the Nucleases-When partially purified nuclease preparations were stored at 4°C for several days and nucleases were analyzed by the in-gel activity procedure, several new bands including the 18-kDa nuclease, which were not observable in freshly prepared extracts, appeared (Fig. 8a) . The appearance of the 18-kDa nuclease correlated with an increase in nucleolytic activity measured in vitro (Fig.  8b) . In addition, the 34-kDa nuclease disappears from the gel. The appearance of a band at 18 kDa concomitant with the loss of one at 34 kDa, together with the similar biochemical properties of the two nucleases, prompted an initial speculation that the 18-kDa protein arises by proteolytic processing of a 34-kDa precursor. An exocellular serine protease of the trypsin type (TLP) was detected as the predominant protease in these cell-free extracts, and its synthesis was controlled, as occurs with the nucleases, by the nutritional status of the medium. This TLP has been purified to homogeneity and characterized. 2 However, the purified TLP was unable, in vitro, to bring about the conversion of the purified 34-kDa nuclease to the 18-kDa enzyme. Nevertheless, the 18-kDa nuclease was produced when a cell-free Streptomyces extract was treated with the purified TLP (not shown), suggesting that it could derive from a different unidentified precursor. The precursor has been tentatively assigned to a 74-kDa nuclease that appears in concentrated samples from early developmental stages, when only substrate mycelium is present. The 74-kDa protein was unstable and had only a weak nuclease activity, making its purification difficult. However, when the partially purified 74-kDa nuclease was treated with the purified protease, an increase in the 18-kDa form could be observed on activity gels (Fig. 8c) . Additionally, antibodies against the 18-kDa form cross-react with the partially purified 74-kDa form and also the 34-kDa nuclease and can be used to show the disappearance of the 74-kDa band and the increase of the 18-kDa form (Fig. 8d) . It seems certain that the 18-kDa nuclease arises by proteolytic processing of a precursor, probably of 74 kDa, and this involves TLP. The relationship of the 34-kDa nuclease to these two forms is unclear; it does not seem to arise from the 74-kDa protein or to be a precursor of the 18-kDa enzyme. However, we may have simply failed to detect these processes for technical reasons. Alternatively, the antibody cross-reactivity of the 18-and 34-kDa forms, which suggests that they are related, may be due to traces of the 34-kDa protein in the 18-kDa preparation used for immunization. The origin and relationship of these three nuclease is currently under investigation by gene cloning.
Inhibitors of the 18-and 34-kDa Nucleases and the Serine
Protease Impair Aerial Mycelium Development in Streptomyces-Both the 18-and 34-kDa nucleases were inhibited by Zn 2ϩ and ATA (Fig. 9a) . When 3 mM Zn 2ϩ was added to surface cultures of S. antibioticus, a strong inhibition of aerial mycelium development was observed (Fig. 9b) . Analogous results were obtained with 0.1 mM ATA (not shown). Zn 2ϩ also inhibits chromosomal DNA degradation in surface mycelium (Fig. 9c) . We also observed that the activity of the S. antibioticus exocellular nucleases was inhibited by 100 mM NaCl (see above) and that when this salt was added to solid cultures aerial mycelium production was noticeably diminished without any appreciable . A crude, concentrated, S. antibioticus cell-free extract was analyzed for nuclease activities by activity SDS-PAGE at different Zn 2ϩ concentrations. The 34-and 18-kDa nucleases correspond to the less intense and the more intense bands, respectively. Lane D is a bovine pancreatic DNase I control. b, inhibition by Zn 2ϩ of aerial mycelium formation. 3 mM Zn 2ϩ was added (right plate) to a 16-h growth surface GAE culture of S. antibioticus, which was subsequently incubated for a further 20 h. Aerial mycelium shows with a white aspect (left plate). In the presence of Zn 2ϩ , only substrate mycelium, with an orange-brownish appearance, is seen. c, chromosomal DNA (from the 16-and 36-h plates lacking Zn 2ϩ and from the 36-h plate grown in the presence of Zn 2ϩ ) was analyzed by agarose gel electrophoresis. DNA in the 36-h control sample appears fully degraded. In the presence of Zn 2ϩ , DNA degradation is noticeably impaired; the partial DNA degradation observed in this sample is probably due to residual nuclease activity. d, inhibition of aerial mycelium formation and chromosomal DNA degradation by TLCK. Conditions were as in b and c except that 0.75 mM TLCK rather than 3 mM Zn 2ϩ was used. In the presence of TLCK, substrate mycelium (orange-brownish) are seen, whereas in its absence aerial mycelium (white) is produced. Analysis of chromosomal DNA by agarose gel electrophoresis shows extensive degradation in the absence of the inhibitor and much less hydrolysis in its presence.
effects on growth or macromolecule biosynthesis (data not shown). The data described above provide initial evidence that highly active nucleases, especially the 18-kDa form, arise by proteolytic processing involving TLP. This TLP is inhibited by TLCK, which, when added to S. antibioticus, impaired both the formation of aerial mycelium and the degradation of chromosomal DNA (Fig. 9d) . Leupeptin also inhibits this protease and when added to Streptomyces cultures, at 1 mM levels, had the same effects as TLCK (not shown).
DISCUSSION
Our earlier reports (11, 12, 14, 16 -18) suggested that the dC-selective and dG-selective periplasmic nucleases from S. antibioticus and S. glaucescens play a role in the recycling of the DNA building blocks from the substrate mycelium to the aerial mycelium. This would take place during the lytic process that occurs in the substrate mycelium before and during the formation of the aerial mycelium (3). This work extends this concept and shows that lysis occurs in parallel with the synthesis of two additional exocellular nucleases, with molecular masses of 18 and 34 kDa, and a TLP as well as the previously described periplasmic nucleases. The production of all these hydrolytic enzymes, the lytic process, and the formation of aerial mycelium are all repressed in rich media, such as GAE plus casein hydrolysate, which allow high growth rates. Exocellular nucleases with molecular masses and biochemical characteristics analogous to those described in this work are widespread within the genus. 2 These enzymes show biochemical characteristics very suitable for the role assigned in the Streptomyces developmental cycle, since they are capable of cleaving a wide variety of nucleic acids to mononucleotides and small oligonucleotides. The exocellular nucleases (which in surface cultures remain loosely bound to the mycelium) appear to act in concert with the periplasmic nucleases, discovered initially in S. antibioticus and S. glaucescens and also detected in other Streptomyces species (29) . Thus, there seems little doubt that the physiological role of these nucleases is to degrade nucleic acids in the substrate mycelium to supply building blocks for macromolecular biosynthesis in the aerial mycelium. This does not require an extensive disorganization of the hyphae or a complete lysis of the cell wall, since DNA hydrolytic products can migrate inside the hyphae to the upper regions as aerial mycelium develops (3). However, the appearance of these nucleases is one of the end results of a complex and highly regulated cascade of events during the Streptomyces developmental cycle in which the controlled lysis of macromolecules in the substrate mycelium coincides with the onset of differentiation. The molecular identity of the specific signals that induce or repress the formation of aerial mycelium is uncertain, although nutrient deprivation triggers the process (14) and, according to our hypothesis, results in the appearance of an active trypsin-like protease, which in turn produces the active nuclease(s).
The properties of the Streptomyces 18-and 34-kDa nucleases are reminiscent of those present in thymocytes. Similarly, bacterial aerial mycelium formation has analogies with the well studied model of eukaryotic programmed cell death, glucocorticoid-induced apoptosis in thymocytes. During apoptosis in thymocytes, cleavage of DNA occurs in at least two steps. The first, involving the formation of large fragments (Ͼ30 kilobase pairs) is a Mg 2ϩ -dependent process, whereas the second results in the internucleosomal cleavage of DNA and is mediated by a Ca 2ϩ /Mg 2ϩ -dependent endonuclease (30) . An 18-kDa glucocorticoid-sensitive DNase activity (NUC-18) and nucleases with molecular masses of 30 -40 kDa have been described in the thymocyte nuclei (31, 32). NUC-18 requires both Mg 2ϩ and Ca 2ϩ for optimal activity and is inhibited by Zn 2ϩ and ATA. Its nuclear localization and cation dependence suggest that it plays a role in apoptosis, and, in fact, calcium chelation and the presence of Zn 2ϩ or ATA inhibits apoptosis in thymocytes (19) . NUC-18 has also been shown to induce 50-kilobase pair DNA fragmentation when added to nuclei from nonapoptotic cells (20) . The Streptomyces 18-kDa nuclease also requires both Mg 2ϩ and Ca 2ϩ , and is inhibited by Zn 2ϩ and ATA, compounds that also prevent aerial mycelium development when added to Streptomyces cultures. Ca 2ϩ has previously been described to induce aerial mycelium formation in Streptomyces (33) , which may be related to the ability of metal ions to activate the nucleases, described in this work. Perhaps the most striking similarity between thymocyte apoptosis and Streptomyces aerial mycelium production is that, following its discovery, NUC-18 was found to be homologous to proteins in the cyclophilin family (21) . Native recombinant cyclophilins were subsequently demonstrated to degrade DNA in a Ca 2ϩ /Mg 2ϩ -dependent reaction (20) . Amino terminal sequencing of the Streptomyces 18-kDa nuclease also places it in the cyclophilin family. Thus, the properties of native cyclophilin, mammalian NUC-18, and the 18-kDa S. antibioticus nuclease are almost identical, and the S. antibioticus enzyme is probably the Streptomyces equivalent of NUC-18.
Although the exact pathways by which the protease is activated and subsequently gives rise to active nuclease(s) have still to be determined, this publication clearly shows that inhibition of either hydrolytic activity strongly impairs aerial mycelium formation. Serine proteases, many with the characteristics of a TLP, have been described in other species of Streptomyces and related to aerial mycelium development (7, 34 -36) . Inhibitors of TLPs, such as TLCK and leupeptin, impair the formation of aerial mycelium in S. albidoflavus (33) , S. exfoliatus (35) , and several other species of Streptomyces (36), which suggests the widespread distribution and critical role of these proteases in bacterial development. A TLP has been proposed to play a role in the metabolism of S. exfoliatus mycelial proteins (36) . No other TLP proteases have been detected in S. antibioticus throughout the developmental cycle, although a serine protease of a chymotrypsin type has also been detected in the culture medium. 3 An enzyme with these characteristics was also detected in S. exfoliatus (35) , and it was suggested that it participated in the utilization of external proteinaceous nitrogen sources. The S. antibioticus chymotrypsin-like protease shows a higher capability to degrade protein substrates than TLP. 3 Our present results suggest that the S. antibioticus TLP is involved in the processing of nuclease precursors rather than just contributing to the general turnover of substrate mycelium proteins, although this additional function cannot be excluded.
Programmed cell death appears to be universal in multicellular organisms, including plants (37) . Its regulation is essential for normal development as it serves to remove surplus cells and to destroy virally infected or tumor cells (38 -42) . The mechanisms of apoptosis are conserved across metazoan phyla (43) . A central role is played by proteases and nucleases that catalyze specific reactions critical to the entire process of cell death (19, 39) . Proteases of the caspase family are activated during apoptosis and mediate the selective proteolytic cleavage of a number of important target proteins (39, 43, 44) . The caspases involved in cell death are highly conserved in multicellular eukaryotes (44) . Internucleosomal DNA degradation is considered a hallmark of cells undergoing apoptosis and appears to be mediated by a caspase-activated deoxyribonuclease (CAD) and its protein inhibitor (ICAD) (45) . The CAD⅐ICAD complex is inactive until the ICAD component is cleaved by a caspase, resulting in the liberation of active CAD. Although it appears that caspases and CAD are the key activities in apoptosis, a number of other proteases and nucleases have been implicated. This includes Ca 2ϩ -dependent serine proteases, and, consequently, apoptosis can be inhibited by specific peptide-based inhibitors such as TLCK and tosylphenylalanyl chloromethyl ketone (46) . DNase I (47), DNase II (48), ␥-DNase (49), and the already mentioned cyclophilins (19, 20, 50) have been proposed as nuclease activities that play a role in cell death. A 97-kDa nuclease has been also described in rat hepatoma cells (51) . Most of the nucleases suggested to have a role in apoptosis are Ca 2ϩ /Mg 2ϩ -dependent enzymes that produce 3Ј-OH DNA breaks. Inhibitors of the nucleases, such as zinc ions and ATA, also inhibit apoptosis in a wide variety of systems (19, 39, 50) . It is conceivable that the apoptosis-proteases/ nucleases may vary with cell type, the method of inducing apoptosis, and other factors. Alternatively, many of the proteases/nucleases may actually have a downstream function to fully degrade and recycle macromolecules following cell death. Also, it has been suggested that the means by which proteases could contribute to chromatin cleavage would be to activate nucleases themselves, freeing them from an inhibitory complex or conformation (19, 52) .
There is increasing evidence that apoptosis arose before the emergence of multicellularity (4, 53, 54) . Cell suicide may have evolved as an adaptive strategy on a number of occasions (55) . Unicellular eukaryotes, including Trypanosoma, Dictyostelium, and the free-living ciliate Tetrahymena, show programmed cell death similar or identical to apoptosis from multicellular animals (54) . Rhizobium is to undergo a process resembling programmed cell death during the development of bacteroids (4) . The morphological features include cytoplasmic blebbing and vacuolization, chromatin condensation, and DNA fragmentation (54) . It has been postulated that cell death first evolved in single-celled organisms and that these mechanisms were subsequently adopted for use in development and homeostasis after the evolution of multicellularity (40, 54) . The signals that induce death might be unique, functioning in specific signaling pathways in order to allow cell type-and signalspecific access to the effector phase of cell death (56) . However, the central events that effect cell death appear to be conserved over a very long evolutionary distance. In bacteria, the death of the mother cell during sporulation can be considered as a kind of programmed cell death. This is particularly evident in genus such as Streptomyces that have a complex developmental cycle; long chains of spores develop from specialized aerial hyphae that themselves appear to subsist mainly upon their own vegetative mycelium. Protein kinases of the eukaryotic type have been described in this bacterium (57) , and protein phosphorylation is likely to play important roles in signaling cascades linking exogenous stimuli to the core death program in eukaryotes (38) . Interestingly, sequences homologous to caspases have been recently identified in Streptomyces coelicolor (58) . Also, multiple copies of the conserved apoptotic ATPase domains of the Caenorhabditis elegans gene ced-4 and the human homologous APAF-1 (59, 60) have been described in the same species (58) . These genes work in conjunction with Ced-9 and its mammalian homologous Bcl-2 family of proteins, to regulate apoptosis (61) . Thus, it seems likely that the central effectors and regulators of programmed cell death are of ancient origin and have been transfer from bacteria to eukaryotes (58) . In Streptomyces (and perhaps in other Gram-positive bacteria; Ref. 58 ), these proteins can perform signaling and regulatory functions. However, as supported by the results presented in this work, it is conceivable that apoptosis-related proteins are involved in Streptomyces development and specifically in the steps that lead to the programmed cell death in this bacterium. The genetic analysis of the phenomenon described here will hopefully clarify the above assumptions.
